Solvent extraction is known to be a very effective and selective separation method for metal ions. [1] [2] [3] [4] Acylpyrazolones are powerful chelating reagents, and have been used for the solvent extraction of metal ions. [5] [6] [7] In the solvent extraction of metal ions with chelating reagents, such as acylpyrazolones, the extractability mainly depends on the stability of the complex formation of the chelating reagent and the metal ion.
Introduction
Solvent extraction is known to be a very effective and selective separation method for metal ions. [1] [2] [3] [4] Acylpyrazolones are powerful chelating reagents, and have been used for the solvent extraction of metal ions. [5] [6] [7] In the solvent extraction of metal ions with chelating reagents, such as acylpyrazolones, the extractability mainly depends on the stability of the complex formation of the chelating reagent and the metal ion.
Macrocyclic ligands, such as crown ethers and cryptands, have been utilized in metal-ion separations. 8 Many novel macrocyclic ligands have been prepared as ion-pair extraction reagents, exhibiting excellent separation ability. 9 It was shown that water soluble macrocyclic ligands could enhance the separability when they were added in the aqueous phase as ionsize selective masking reagents in the extraction of alkali, alkaline earth and lanthanide metal ions with the chelate extraction reagents. 10, 11 On the contrary, it is known that neutral macrocyclic ligands can work as synergists when they were added in the organic phase. In both cases, unique separability would be expected, since the selectivity of the macrocyclic ligands and the chelating reagents is quite different. In this regard, a reagent which has an acylpyrazolone unit and a crown ether unit in the same structure is expected to show unique selectivity. Although a large number of crown ethers bearing pendant groups have been synthesized, 12, 13 only a few examples of crown ether-bearing chelating reagents have been reported. 14, 15 In the present work, novel acylpyrazolones, HPMP-A15C5 and HPMP-A18C6 (Fig. 1) were prepared and the extractions of seven divalent metal ions (Mn 2+ , Co 2+ , Ni 2+ , Cu 2+ , Zn 2+ , Cd 2+ and Pb 2+ ) were examined. The results were compared with those of the synergistic extractions using benzocrown ethers as synergistic reagents.
Experimental

Chemicals and apparatus
1-Aza-15-crown-5, 1-aza-18-crown-6, benzo-15-crown-5 (B15C5) and benzo-18-crown-6 (B18C6) were purchased commercially from Tokyo Kasei, and 1-phenyl-3-methyl-4-chloroacetyl-5-pyrazolone was synthesized according to the literature. 16 Good's buffers were purchased commercially from Nacalai Tesque. Metal solutions were prepared from standard solutions provided by Wako. These were used without further purification. Other chemicals were of reagent-grade materials. Water was demineralized and distilled.
The metal-ion concentrations were measured with a Japan Jarrell Ash Model ICAP-500 inductively coupled argon plasma atomic emission spectrophotometer. pH measurements were made with a Hitachi-Horiba F-8L pH meter equipped with Horiba 6028 glass combination pH electrode. The pH meter was calibrated against standard reference buffers. 1 H-NMR spectra were measured with a JEOL JNM-AL300 spectrometer † To whom correspondence should be addressed. E-mail: umetani@scl.kyoto-u.ac.jp . After 1-aza-18-crown-6 (1.06 g) and 1-phenyl-3-methyl-4-chloroacetyl-5-pyrazolone (1.52 g) were dissolved in 4 ml of ethanol; 1.1 ml of triethylamine was added, and the mixture was refluxed for one day under a nitrogen atmosphere. The reaction mixture was poured into 100 ml of water and extracted with chloroform. The organic layer was dried (sodium sulfate) and evaporated in vacuo. The residue was purified by a silica-gel column chromatography, eluting with a mixture of chloroform and methanol (9:1) to afford the product. 
Solvent extraction of divalent metal ions
A 5 ml portion of an aqueous phase containing 0.1 mM (1 M = 1 mol dm -3 ) metal ion, 0.1 M tetramethylammonium chloride to keep the ionic strength at 0.1, and 0.01 M Good's buffer was adjusted to the desired pH with nitric acid and tetramethylammonium hydroxide solution. 2-Morpholinoethanesulfonic acid, monohydrate (MES) was used for pH below 7.0, 3-morpholinopropanesulfonic acid (MOPS) for pH 6.5 -8.0 and N-tris(hydroxymethyl)methyl-3-aminopropanesulfonic acid (TAPS) for pH over 8.0. Sodium acetate was used as a buffering reagent in the lower pH region. Tetramethylammonium chloride was not added for Pb 2+ to avoid precipitation. The aqueous phase was mixed with an equal volume of a chloroform phase containing the required amount of the chelating ligands and crown ethers, and the mixture was shaken at 25˚C for over 2 h until the reaction reached to equilibrium. After centrifugation, the pH value of the aqueous phase was measured and taken as the equilibrium value. The metal concentration in the aqueous phase was determined by ICP-AES. That in the organic phase was measured in the same way after back-extraction by stripping with a nitric acid solution. The sum of the metal concentrations in the two phases agreed well with the initial concentration.
Results and Discussion
Synergistic extraction with HPMBP and benzocrown ether
In the extraction of the divalent metal ions (M 2+ ) with HPMBP (HA), the overall extraction equilibrium and the extraction constant, Kex, can be written as follows:
where subscript o denotes the species in the organic phase and In the synergistic extraction of divalent metal ions in the presence of benzocrown ethers (CR), the distribution ratio, D*, can be expressed as follows: 
The number of CR in the extracted species and the adduct formation Table 1 .
The adduct formation constants for the benzocrown ethers are much lower than those for trioctylphosphine oxide and bidentate phosphine oxide compounds. 17 The adduct formation constants for B15C5 and B18C6 are similar. No significant difference that arises from the structure of the crown ethers is observed. Two molecules of HPMBP react with one molecule of M 2+ to form the MA2-type complex. It could be difficult that five or six oxygen atoms in the benzocrown ethers coordinate fully to the central metal ion in MA2. This could be the reason why the adduct formation constants are small and similar. The low basicity of the donating oxygens in the crown ethers should also be taken into consideration.
Extraction with azacrown ether substituted acylpyrazolones
The divalent metal ions were extracted into chloroform with 0.01 M HPMP-A15C5 or HPMP-A18C6, and the results are shown in Figs. 4a and 4b. As can be seen in the figures, the plots are straight lines with a slope about 1 for all of the metal ions in Fig. 4a and Pb 2+ were about 1.5. These results indicate that the possible composition of the extracted species is MAX, where X is assumed to be an anion based on the neutrality of the extracted species. Some anions, such as perchlorate, nitrate and chloride, were added to the extraction system; however, the extraction behaviors did not change significantly. The composition of the extracted species with HPMP-A15C5 and HPMP-A18C6 was not determined clearly.
The effect of the metal-ion concentration was also examined; however, the extraction behaviors did not show any significant change, indicating that the extracted species are not polynuclear complexes. The extracted species for Cu 2+ and Pb 2+ with HPMP-A18C6 (Fig.  4b) might be a mixture of MA2 and MAX.
The divalent metal ions were extracted in the order Cu 2+ > Pb 2+ > Cd 2+ > Zn 2+ > Ni 2+ > Co 2+ > Mn 2+ , with HPMP-A15C5 and Pb 2+ > Cu 2+ > Co 2+ > Zn 2+ > Ni 2+ > Mn 2+ > Cd 2+ , with HPMP-A18C6. It is difficult to compare the extractability in the present work, for the extraction mechanism in each system is quite different. The pH1/2 values for each extraction system are summarized in Table 2 . The reagent concentrations were fixed at 0.01 M to make the comparison reasonable. The ΔpH1/2 value stands for the difference in the pH1/2 value from that of the HPMBP system. The positive value indicates that the extraction was enhanced as compared with those of the HPMBP system. The ΔpH1/2 values in the synergistic extraction (HPMBP + B15C5 and HPMBP + B18C6) systems are positive and small, as mentioned previously.
No significant difference was observed among the metal ions.
The plots in Figs. 4a, 4b and 5 suggest the possibility that one molecule of the azacrown ether substituted acylpyrazolone reacts with one molecule of M 2+ . It could be considered that the MA complex can provide enough space for the crown ether moiety, unlike the case in the synergistic extraction. As can be seen in Table 2 , the ΔpH1/2 values for HPMP-A15C5 are negative, except for that of Cd 2+ . The ΔpH1/2 values for HPMP-A18C6 are positive, except for that of Cu 2+ . Generally, the extractions with HPMP-A18C6 were enhanced, and those with HPMP-A15C5 were weakened, as compared to those with HPMBP. These results do not obey the complexation tendency for the crown ethers and the divalent metal ions. 8, 9, 18, 19 It was reported that the stability constants (K) for the metal ion-crown ether complexes are generally small, even in a 40% (v/v) ethanol + water solution. 18, 19 The log K values of 15C5 for Mn 2+ (3.7) are slightly larger and that for Pb 2+ (6.9) is much larger. The carbon chain length between the pyrazolone ring and the azacrown ether unit is not long enough. The enhanced extractions with HPMP-A18C6 could be caused by the larger ring size than that of HPMP-A15C5, which would make the oxygen atoms in the crown ether ring possible to readily approach the central metal ion. The most enhanced extraction was obtained for Pb 2+ with HPMP-A18C6. It was found that Pb 2+ was extracted at a much lower pH region than Cu 2+ .
Conclusion
The novel azacrown ether substituted acylpyrazolones, HPMP-A15C5 and HPMP-A18C6, were synthesized, and the extractions of the divalent metal ions were examined. The synergistic extractions with HPMBP and benzocrown ethers were also examined. It was found that the synergistic effect with benzocrown ethers was low. The extracted species with HPMP-A15C5 and HPMP-A18C6 were not solved clearly. extractions with HPMP-A15C5 were relatively poor. The results did not obey the complexation tendency reported for macrocyclic ligands and chelating ligands. The synergistic extractions and those with the azacrown ether substituted acylpyrazolones in the present work are found to be quite different from the ion-pair extractions with macrocyclic ligands, such as crown ethers and cryptands. The difference can be explained by considering that the present extractions were made with chelating reagents and macrocyclic ligands, which indicate a quite different complexation tendency. In addition, the following steric factors should be taken into consideration. The coordination of acylpyrazolone to the central metal ion is strong owing to the chelate effect. The coordination of the benzocrown ethers to the central metal ion should be restricted by the acylpyrazolones which already coordinated to the central metal ion. The coordination of the crown ether unit in HPMP-A15C5 and HPMP-A18C6 is also restricted because it is connected by a carbon chain, which seems not to be long enough.
